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Abstract: We have developed new, corrosion-resistant Mg/SiC multilayer
coatings which can be used to efficiently and simultaneously reflect extreme
ultraviolet (EUV) radiation in single or multiple narrow bands centered at
wavelengths in the spectral region from 25 to 80 nm. Corrosion mitigation
is achieved through the use of partially amorphous Al-Mg thin layers. Three
different multilayer design concepts were developed and deposited by
magnetron sputtering and the reflectance was measured at near-normal
incidence in a broad spectral range. Unprotected Mg/SiC multilayers were
also deposited and measured for comparison. They were shown to
efficiently reflect radiation at a wavelength of 76.9 nm with a peak
reflectance of 40.6% at near-normal incidence, the highest experimental
reflectance reported at this wavelength for a narrowband coating. The
demonstration of multilayer coatings with corrosion resistance and multiple-
wavelength EUV performance is of great interest in the development of
mirrors for space-borne solar physics telescopes and other applications
requiring long-lasting coatings with narrowband response in multiple
emission lines across the EUV range.
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1. Introduction

In recent years, multilayer coatings with high near-normal-incidence reflectance in the
extreme ultraviolet (EUV), defined here as the wavelength region from 10 to 100 nm, have
enabled tremendous advances in the development of instrumentation for a wide range of
applications and disciplines, from microchip production with EUV lithography to the
observation of solar processes with space-borne telescopes. The 25-80 nm wavelength region
is of particular relevance to many rapidly growing technological and scientific fields, such as
solar physics [1,2] synchrotron and free electron laser facilities [3] and other EUV sources
such as table-top capillary discharge lasers [4]. Some applications of EUV sources emitting in
the 25-80 nm wavelength range include plasma physics [5], the characterization of materials
and optical elements [6,7] materials damage [3], photochemistry of biological molecules [8],
nanopatterning [9], and ultrafast single-shot microscopy[10].

As will be explained in more detail in Section 2, most material pairs used in multilayers
for the EUV have a limited wavelength region of operation where narrowband peaks with
high reflectance can be obtained, and outside of this region they become strongly absorbent.
This explains why the use of “stacked” or large-period multilayers with multiple reflectance
peaks has not been widely explored, with only a few exceptions [11,12]. In the case of mirrors
for EUV solar imaging telescopes, a common solution that has been adopted in order to image
several EUV emission lines using a single telescope consists in dividing each mirror in
multiple sectors, with each sector tuned to one specific wavelength and coated separately
using the appropriate material pair [13]. As a result, the instrument throughput corresponding
to each wavelength is decreased accordingly. Moreover, this approach requires the use of a
hardware mask placed on top of the mirror during multilayer deposition, which involves
additional complexities and risks due to the proximity of the mask to the area being coated.
“Shadowing” effects between the edges of the mask and the sector being coated diminish the
multilayer performance and reduce the overall effective area of the mirror [14-16]. Multiple



telescopes often need to be employed in a given mission in order to achieve the number of
EUV channels required to accomplish the science objectives [13]. This comes at the expense
of increased payload mass, with mass being one of the most critical considerations towards
the feasibility of a space mission. The development of multilayer coatings with high
reflectance in multiple narrow wavelength bands could mitigate the aforementioned issues.
Such multiple-wavelength coatings could be deposited on telescope mirrors and combined
with the appropriate filters for wavelength selection, or be used as part of a spectrometer
instrument.

Mg/SiC is a remarkable material pair because (i) Mg absorption remains relatively low
across a wide EUV wavelength range, beginning at 25 nm (the Mg 2p edge) and extending up
to about 115 nm, (ii) there is good optical contrast between the Mg and SiC materials, and (iii)
the Mg-SiC interfaces are sharp and stable. This allows for efficient and simultaneous
reflection of radiation in multiple narrow bands centered at wavelengths in the spectral region
from 25 to 80 nm. In addition to this, Mg/SiC possesses several other favorable properties:
near-zero film stress, good spectral selectivity and thermal stability up to about 350° C
[17,18]. This unique combination of properties is highly desirable for mirror multilayer
coatings in solar physics instrumentation and is unmatched by any of the other multilayer
material pairs operating in the > 25 nm wavelength region such as Mo/Si [19], SiC/Si [19],
Sc/Si [20], B4C/Si [19], Al/SiC [21], other Mg-based multilayers such as Mg/Co [22], and
rare-earth based multilayers [23-26]. Despite the superior optical performance of Mg/SiC
multilayers in the EUV region when compared to other material pairs, their use as coatings in
applications that require long-term stability, such as for example the EUV imaging telescopes
aboard NASA’s Solar Dynamics Observatory mission [14], has been hindered by Mg
corrosion [15,27]. Corrosion occurs in Mg/SiC multilayers after long-term exposure to the
atmosphere, and appears as corroded areas on the top surface which are visible to the eye and
have completely degraded (near-zero) EUV reflectance. The origins and propagation of
corrosion in Mg/SiC multilayer coatings have been recently elucidated [28]. It was determined
that, for coatings deposited on sufficiently clean substrates, corrosion starts from the top of the
multilayer structure and is caused by Mg interacting with environmental agents, which reach
the Mg layers buried under the SiC capping layer through pinholes and other defects typical of
magnetron-sputtered thin films, and also through defects generated by sample manipulation,
such as scratches. The atmospheric corrosion of Mg/SiC multilayers was dramatically reduced
by depositing an Al thin film of optimized thickness on top of the last (topmost) Mg film in
the multilayer, underneath the SiC capping layer [28]. The Al and Mg layers spontaneously
intermix to form a partially amorphous Al-Mg layer which provides efficient corrosion
protection while, due to the Al transparency below 83 nm, maintaining the favorable optical
properties of the original, unprotected Mg/SiC multilayer. The efficacy of this corrosion
protection concept was verified experimentally on Mg/SiC films aged for 3 years. It has been
postulated [28] that the corrosion protection capabilities of the Al-Mg layer are greatly
enhanced by its spontaneous amorphization, which results in reduced grain boundaries,
vacancies and defects and thus reduced permeability to humidity, oxygen (O*) and other
reactive ions.

In this work we make use of both the wide-band transparency of Mg and Al in the EUV
and the corrosion resistance afforded by Al-Mg layers to produce efficient, triple-wavelength,
normal-incidence Mg/SiC multilayer coatings with corrosion resistance for the spectral region
from 25 to 80 nm. We propose two different candidate concepts for corrosion resistance based
on the deposition of an Al-Mg layer (i) on top of the multilayer and (ii) in each period in the
multilayer. Furthermore, a design concept where an Al layer is deposited on top of a SiC layer
(to deliberately avoid spontaneous intermixing with Mg) has been produced. The reflectance
of these coatings was measured and modeled in an extended wavelength range (11.2 — 186.1
nm), to assess their in-band and off-band performance. This manuscript is focused on the
experimental demonstration of the reflective properties of triple-wavelength Mg/SiC



multilayers, equipped with candidate concepts for corrosion-resistance. The relative efficacy
of the various corrosion-resistance concepts is currently being monitored and will be
presented in detail in a future publication, to allow sufficient time for the aging of these
samples. For comparison purposes, we also present the design and experimental reflectance of
a standard (unprotected), triple-wavelength Mg/SiC multilayer. The same concepts used here
to demonstrate triple-wavelength coatings can also be adapted for single- and double-
wavelength applications.

2. Multilayer design

Photon energies in the EUV region approach the binding energies of atomic core electrons,
making all materials strongly absorbent. Multilayer designers have traditionally made use of
the relatively lower absorption of materials at wavelengths just slightly longer than their
absorption edges. However, most materials soon become strongly absorbent again at
wavelengths further away from the absorption edge, limiting the spectral range of application
of each material pair. That is the reason why a combination of different material pairs has to
be used in order to cover the entire EUV range. In Fig.1 the extinction coefficient of three
materials commonly used as spacers for multilayers in the EUV is compared with that of Mg.
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Fig. 1. (Color online) Extinction coefficient of several materials widely used as spacers for multilayers
in the EUV. Mg shows the lowest extinction coefficient values in the EUV above the Mg 2p edge at 25
nm. Notice that Al also exhibits relatively low absorption between the Al 2p edge at 17 nm and the Al
plasma wavelength at 83 nm.

Extinction coefficient values were obtained from Ref. [29] for Mg, Ref. [30] for Al, Refs.
[31] and [32] for Si, and Ref. [33] for Sc. Among this group of materials, Mg is by far the less
absorptive material for all EUV wavelengths longer than 25 nm. Depending on the
wavelength, the extinction coefficient of Mg is between 2 and 15 times smaller than that of
Al, between 2 and 22 times smaller than that of Si and between 3 and 100 times smaller than
that of Sc. The transparency of Mg over a wide wavelength range, as shown in Fig. 1, makes
it suitable for use in multiple-wavelength multilayer designs.

Fig. 2 shows two-dimensional contour plots of calculated near-normal-incidence
reflectance as a function of both wavelength and multilayer period, for (a) standard Mg/SiC
multilayers, (b) Mg/SiC multilayers where the topmost Mg layer has been replaced by an Al-
Mg layer, and (c) (Al-Mg)/SiC multilayers. All multilayers have N=40 layer pairs. The ratio
of the thickness of the spacer (either Mg or Al-Mg) to the multilayer period (I'), is shown in
Fig. 2 for each case. In Figs. 2(a) and 2(c) I" was selected to maximize the reflectance of the
first reflectance order, while keeping the second and third ones as high as possible. In Fig.
2(b), I was increased further in order to enhance the reflectivity of the higher orders, which



would otherwise be very small. The plots in Fig. 2 should be considered as examples, and the
I" value could be selected according to application-specific considerations. All multilayers
include a SiC capping layer 9 nm thick. The calculations in Fig. 2 were performed assuming
layer interfaces with roughness values obtained from fits to measured reflectance values (see
Section 4 and Table 1). The Al-Mg layer thickness used in the calculations of Fig. 2(b) was
assumed to be equal to the thickness of the Mg layers. The optimum Al-Mg thickness would
have to be calculated for each multilayer period value, and will depend on the specifics of
each application. Reflectance values were calculated using the IMD software [34], with
experimental optical constants values obtained from Ref. [29] for Mg, Ref. [35] for SiC and
Ref. [30] for Al. We assumed uniform Al-Mg layers formed after the subsequent deposition of
two Al and Mg layers of equal thickness, which is equivalent to a 60.8 wt. % content of Al.
Since no optical constants are available for the Al-Mg layers, we calculated the optical
constants of the composite material from those of pure Al and Mg. The Al weight percentage
was selected rather arbitrarily, and in practice could be different. As a general trend, the
performance of all coatings improves with decreasing percentages of Al in the Al-Mg layer,
but a minimum Al weight percentage will be required to achieve efficient corrosion
protection, depending on the environmental conditions of the application.

100

80

60

40

multilayer period (nm)
multilayer period (nm)
multilayer period (nm)

20

80 100

40 80
Wavelength (nm)

20 40 60 80 100

40 60
Wavelength (nm) Wavelength (nm)

Fig. 2. (Color online) Two-dimensional, calculated [34] contour plots of near-normal-incidence (6 = 85°) reflectance
(R) as a function of both wavelength and multilayer period, for (a) standard Mg/SiC multilayers ([ SiC/Mg]x40/SiC),
(b) Mg/SiC multilayers where the topmost Mg layer has been replaced by an AFMg layer of optimized thickness
([SiC/Mg]x39/SiC/Al-Mg/SiC), and (c) (Al-Mg)/SiC multilayers ([ SiC/Al-Mg]x40/SiC).

In order to calculate the optical constants of the Al-Mg layers, atomic scattering factors
were calculated from the optical constants of the pure materials, as shown in Egs. (1) and (2):

2r
A Em(l—n), (1)
2n
= Y k. 2)

Where f; and f; are the real and imaginary parts of the atomic scattering factor, n, is the
atomic density, 7, is the electron radius, A is the wavelength and » and k are the real and
imaginary parts of the index of refraction. These equations were used separately for both Al
and Mg. For the atomic density calculation, Al and Mg mass densities were assumed to be
2.70 gem™ and 1.74 gem”, respectively. The optical constants of the Al-Mg layer were
obtained from the expressions:

2

n(Al-Mg)=1- r277; (7, (A1 f,(AD) + 1, (Mg) f,(Mg)], €)
k(Al-Mg) =1~ L (7, (A1) f,(Al) + 7, (Mg) f,(Mg)): (4)

2n



Where 71, corresponds to the atomic density of each species in the Al-Mg layer. Eqgs. (1) to (4)

are valid under two assumptions, (i) that n =1 and k << 1, and (ii) that the independent atom
approximation for the atomic scattering factors is valid. Both conditions hold strictly at
wavelengths shorter than ~30 nm and away from absorption edges [36], but we used them as
the best approximation currently available at wavelengths up to 120 nm. We calculated the Al
and Mg atomic densities in the Al-Mg layer based on earlier observations of cross-sectional
TEM images, which showed no significant expansion or contraction of the total thickness
after spontaneous intermixing of the Al and Mg layers [28,37].

We have deposited and characterized one sample corresponding to each of the design
concepts proposed in Fig. 2, plus an additional concept that uses Al instead of Al-Mg as a
candidate corrosion protective layer. Details on sample preparation and characterization
methods are given in the next section.

3. Experimental techniques

All multilayer films were deposited in a planar DC-magnetron sputtering deposition system
[38] located at Lawrence Livermore National Laboratory (LLNL), on 100 mm-diameter, 525
pum-thickness ultra-smooth (<0.1 nm rms high-spatial frequency roughness) Si substrates with
(100) orientation. During deposition, each Si wafer substrate was mounted on a platter which
passes underneath the sputtering material sources (targets) in a rotational motion at velocities
on the order of 1 rpm. An algorithm based on modulation of the rotational velocity of the
platter is used to control the coating thickness and to achieve the required coating thickness
uniformity in the radial direction. Each substrate was also spinning around its center at 400
rpm, to achieve thickness uniformity in the azimuth direction. The base vacuum pressure in
the deposition chamber was in the range 2x10™® - 3x10™® Torr and argon (Ar) was used as
process gas at 10~ Torr. The dimensions of each sputtering target were 127 x 559 mm” and
the quoted target purity was 99.97 wt. % for Mg, 99.9999 wt. % for SiC and 99.9995 wt. %
for Al. During deposition, the sputtering targets operated at constant power: 1200 W (Mg),
1000 W (SiC) and 2000 W (Al).

The thin film stress properties of Mg/SiC multilayers were measured at LLNL using a
Tencor FLX-2320TM stress-measuring apparatus that uses laser beams at 650 nm and 750 nm
wavelengths to measure the radius of curvature of the substrate before and after coating.
These measurements are employed in a modified Stoney [39] equation to calculate the thin
film stress.

EUV reflectance measurements in the wavelength range 11.2-49.5 nm were performed at
beamline 6.3.2. of the Advance Light Source (ALS) synchrotron at Lawrence Berkeley
National Laboratory (LBNL). The general characteristics of the beamline have been described
in detail earlier [40,41]. Two gratings (80 and 200 lines/mm) were used in the monochromator
to access the wavelength range 11-50 nm. The monochromator exit slit was set to a width of
40 pm. Wavelength calibration was based on the 2p absorption edges of Al and Si
transmission filters with a relative accuracy of 0.011% rms, and could be determined with
0.007% repeatability. During the measurements, 2nd harmonic and stray light suppression
was achieved with a series of transmission filters (Mg, Al, Si, Be). For higher-order harmonic
suppression, an “order suppressor” consisting of three carbon-coated mirrors at a variable
grazing incidence angle (depending on wavelength range) and based on the principle of total
external reflection was used in addition to the filters. The ALS storage ring current was used
to normalize the signal against the storage ring current decay. The signal was collected on a
GaAsP photodiode detector, with 1° angular acceptance. Reflectance was measured with £1%
relative accuracy, dominated by the GaAsP photodiode uniformity in each wavelength range.
The vacuum pressure in the measurement chamber was in the range 2x10 - 107 Torr.

Reflectance measurements at 48.9-186.1 nm wavelengths were performed at Grupo de
Optica de Laminas Delgadas (GOLD). The monochromator consists of a lamp and a grazing



incidence toroidal-grating monochromator, covering the 12.5-200 nm range. It has two Pt-
coated diffraction gratings, 250 and 950 lines/mm. The entrance-exit arms are 146° apart. A
windowless discharge lamp is used to generate spectral lines that cover the range longer than
~40 nm. The lamp is fed with a variety of pure gases such as Ar, He or CO,, or gas mixtures
consisting of noble gases, along with N, or H,. In most cases radiation corresponds to a single
spectral line (except for a low background) since adjacent spectral lines are rejected by the
monochromator. The beam divergence was ~5 mrad and angle accuracy is estimated as +0.1°.
Samples up to 50.8x50.8 mm” can be loaded in the sample holder, from which a rectangle of
50.8x25 mm” can be scanned. The detector is a channel electron multiplier with a Csl-coated
photocathode. Reflectance was obtained by the alternate measurement of the incident intensity
and the intensity reflected by the sample, with accuracy estimated as +£1%. A more detailed
description of this system can be found elsewhere [42].

4. Results and discussion

Four different multilayers were deposited and measured: three according to the design
concepts shown in Fig. 2 (a), (b) and (c), plus an additional sample where we used Al instead
of Al-Mg, to later explore its potential as protective layer against corrosion. All the corrosion-
resistant designs included a 20 nm-thick Al layer at the bottom of the multilayer structure, for
additional corrosion protection from contamination that could potentially exist on the
substrate. The bottom Al layer could be deposited either as a separate layer below the first SiC
layer, or below the first (bottom) Mg layer to produce an intermixed Al-Mg layer. The
multilayer parameters were selected so that the first order reflectance peak would be located at
wavelengths between 55 to 80 nm. All EUV reflectance measurements were performed within
a period of 1 to 3 months after deposition of the samples.

Fig. 3 shows the near-normal-incidence (6 = 85°) reflectance measurements on the
standard unprotected Mg/SiC multilayer, along with calculated values corresponding to a
model with parameters as shown in Table 1.
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Fig. 3. (Color online) Experimental reflectance of standard (unprotected) Mg/SiC multilayer showing a) the first four
reflectance orders in log-linear scale and b) data spanning 5 orders of magnitude in log-log scale. Calculated values
[34], corresponding to a model with parameters as shown in Table 1, are also included as a solid line. A record
narrowband peak reflectance value of 40.6% was obtained at 76.9 nm.

This sample was deposited for comparison with the candidate corrosion-resistant designs.
The measurements performed at GOLD included one wavelength at 48.9 nm, overlapping
with the ALS wavelength range. Considering the reflectance uncertainties, both measured
reflectance values are identical, confirming the consistency between the measurements
performed at the two facilities. The first three reflectance orders were measured at peak
wavelengths of 76.9, 46.8 and 33.1 nm, with reflectance values of 40.6% (15), 33.4% (3.6)
and 17.2% (1.2), respectively, where the FWHM in nm is indicated in parentheses. The wide
spectral range covered by the measurements allows for a good understanding of the out-of-
band contributions at long wavelengths. In all the following calculations, the same Mg and



SiC optical constants were used as in the calculations shown in Fig. 2, which in the case of
SiC cover wavelengths only up to 120 nm. However, only optical constant values up to about
85 nm are in good agreement with our measurements, as is shown by the large difference
between the measured and modeled reflectance values for wavelengths between 85 and 120
nm. This is not surprising since it is known that thin film optical properties are strongly
dependent on deposition methods and storage environment, and that the effect of oxides that
may be present on the top surface of the thin films is especially pronounced at long
wavelengths. Fig. 3(b), in logarithmic scale, shows detailed reflectance fine structure spanning
5 orders of magnitude, from 0.406 to 1.1x10°. Even though Mg/SiC multilayers have been
extensively studied in the past for EUV applications, to our knowledge this is the first time
they are reported to work efficiently at wavelengths as long as 76.9 nm. In addition, the
measured reflectivity value of 40.6% is the highest reported so far for a narrowband
multilayer peak at this wavelength.

Table 1. Coating parameters corresponding to the models shown as red solid lines in Figs. 3 and 4. The
multilayer structure is specified from the bottom to the top of the sample. All thickness (period, d) and
roughness (c) values are given in nm and nm rms, respectively. The thickness of the base Al layer (Al’) is 20
nm. I is the ratio of Mg (or Al-Mg) thickness to the total period thickness. ¢’ and c” represent the roughness in
nm of the Mg (or Al-Mg) on SiC and SiC on Mg (or Al-Mg) multilayer interfaces, respectively. The multilayers
were designed to have the 1 order reflectance peak at 75, 75, 65 and 55 nm wavelengths.

Multilayer d(Al-Mg")

. ’ " Yali Yall
structure Period T° N c c d(SiC’) or d(AI") d(SiC")
[SiC/Mg]xN/SiC" 524 077 10 05 20 0 0 10.8
Al'/[SiC/Mg]xN/

522 078 9 03 18 118 45.0 9.5
SiC'/Al-Mg'/SiC" ’
g‘ilc/,[,SlC/Al‘Mg]"N/ 45.0 079 10 08 18 0 0 8.8
AI[SIC/MglxN/ 315 075 35 05 08 62 30.9 9.2

SiC'/Al"/SiC"

Fig. 4 shows the near-normal-incidence (0 = 85°) reflectance measurements on candidate
corrosion-resistant designs, along with calculated values corresponding to the model
parameters in Table 1. The sample in Fig. 4(a) included an Al-Mg layer (15.3 wt. % of Al) in
place of the topmost Mg layer in the multilayer stack. This layer was deposited as two
consecutive layers with nominal thicknesses of 38.6 nm of Mg (first layer) and 4.5 nm of Al
(second layer). The Al weight percentage was chosen to be relatively small in this case, in
order to maximize the reflectance at longer wavelengths where Al becomes more absorbent,
and also to test the corrosion resistance provided by Al-Mg layers of varied composition.
Optical constants of the Al-Mg layer, needed for modeling purposes, were calculated from Al
and Mg atomic scattering factors following the method outlined in Section 2. A SiC capping
layer was deposited on top of the Al-Mg layer for additional protection from corrosion and
oxidation. The first three reflectance orders were measured at peak wavelengths of 76.0, 46.9
and 33.1 nm, with reflectance values of 38.0% (14.1), 30.0% (3.6) and 15.4% (1.2),
respectively, where the FWHM in nm is indicated in parentheses. With reflectance values of
only a couple of percentage points lower than that of the standard Mg/SiC sample in Fig. 3,
this multilayer has the potential to offer improved corrosion resistance with almost identical
peak reflectance and FWHM. The agreement between the measurement and the model at
wavelengths between 30 and 85 nm is remarkable, considering the approximations used in the
Al-Mg optical constants calculations. Above 85 nm the model doesn’t predict the
measurements correctly, presumably for the same reason as in Fig.3, i.e. possible inaccuracies
of the optical constants and/or of the model parameters for the top layer of the multilayer. It
may be worthwhile mentioning that the three peak wavelengths in this multilayer sample
nearly coincide with EUV solar emission lines: O IV/Ne VIII (78 nm, 1st order), Ne VII (46.5
nm, 2nd order) and Fe XVI (33.5 nm, 3rd order). The 2nd and 3rd orders provide superior



spectral selectivity combined with high reflectivity. The above illustrate the suitability of
these multilayers as triple-wavelength mirror coatings for solar physics.
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Fig. 4: (Color online) Experimental reflectance of candidate corrosion-resistant, multiple-wavelength Mg/SiC
multilayer concepts where a) the topmost Mg layer has been replaced by an Al-Mg layer with 15.3 wt. % of Al, b)
each Mg layer has been replaced by an Al-Mg layer with 60.8 wt. % of Al, and c) the topmost Mg layer has been
replaced by an Al layer. All plots include calculated [34] values corresponding to models with parameters as shown in
Table 1. In b) the performance of a multilayer with the same thickness and roughness parameters but with a 15.3 wt.
% of Al in the Al-Mg layers was also calculated and is shown for the purpose of illustrating the potential of this
concept towards high peak reflectance.

The sample in Fig. 4(b) included an Al-Mg layer in each period, obtained by depositing
two consecutive Mg and Al layers of equal thickness, which results in 60.8 wt. % of Al. The
Al weight percentage was chosen to be nearly the same as in Ref. [28], which has been proven
to provide efficient corrosion resistance for at least three years. The Al-Mg optical constants
were calculated as explained earlier in Section 2. A smaller multilayer period thickness was
selected in order to shift the peak wavelengths towards shorter values. The first three
reflectance orders were measured at peak wavelengths of 64.5, 40.4 and 28.6 nm, with
reflectance values of 29.5% (9.6), 24.6% (2.2) and 15.3% (0.9), respectively (FWHM in nm is
indicated in parentheses). The model values, labeled as “60.8 wt. %” in Fig. 4(b), agree with
the measured data only up to ~66 nm. This may be an indication that the AI-Mg layer model,
which assumes uniform composition, is not accurate. To illustrate the potential of this design
in achieving the highest possible peak reflectance values we also included a calculation of the
expected reflectance of a multilayer with the same thickness and roughness parameters but Al-
Mg layers with 15.3 wt. % of Al (as the one used in the multilayer of Fig. 4(a)). The result is
labeled in Fig. 4(b) as “15.3 wt. %”. The first three reflectance orders are predicted at peak
wavelengths of 69.1, 41.2 and 29.0 nm, with reflectance values of 35.3%, 29.3% and 18.0%,
respectively. Therefore, when reducing the Al content from 60.8 to 15.3 wt. % of Al, the peak
reflectance is expected to increase 6, 5 and 3 absolute percentage points at the first, second
and third reflectance peaks, respectively. These values are very similar to those obtained in
the case of the sample in Fig. 4(a), but since the Al-Mg layer is present in each period, the
corrosion resistance of the sample in Fig. 4(b) could be even better. The sample in Fig. 4(c)



included an Al layer deposited instead of the topmost Mg layer in the multilayer. Due to the
different optical constants of Mg and Al, the thickness of both the Al and the SiC layer
underneath the Al layer were modified in order to optimize the reflectance response. Optical
constants of Al were obtained as before from Ref. [30]. An even smaller multilayer period
thickness was selected in order to shift the peak wavelengths towards even shorter values. As
a consequence this multilayer only presents two reflectance peaks at wavelengths of 55.7 and
30.7 nm, with reflectance values of 38.8% (5.6) and 19.4% (1.1), respectively (FWHM in nm
is indicated in parentheses). In this case it was not possible to model the measured reflectance
adequately at the first order reflectance peak between 52 and 57 nm. This could be caused by
inaccuracies in the model parameters or in the optical constants, possibly of Al. As before, at
longer wavelengths the model disagrees with the measured values above 85 nm. Stress
measurements performed on the samples in Figs. 3, 4(a) and 4(b) demonstrated moderate
compressive stress values of -158 , -134 and -169 MPa, respectively.

5. Conclusions

Based on the transparency of Al and Mg at EUV wavelengths longer than 25 nm and the
enhanced corrosion resistance provided by Al-Mg layers, we have developed two candidate
concepts for corrosion-resistant, triple-wavelength Mg/SiC multilayer designs for operation in
the spectral range from 25 to 85 nm. A third candidate design including an Al layer at the top
of the multilayer (underneath the SiC capping layer) instead of the Al-Mg layer was also
deposited. In addition, a standard Mg/SiC multilayer was deposited and measured for
comparison purposes. The reflectance of all samples was measured at near-normal incidence
between 11.2 and 186 nm and high peak reflectance across the 1%, 2" and 3" interference
orders of all four multilayer samples was demonstrated, including a record narrowband
reflectance value of 40.6% at 76.9 nm in the case of the standard Mg/SiC sample. Theoretical
models were developed for all samples, which predicted the measured performance accurately
over an extended wavelength range, making possible the design of multilayers with other Al-
Mg layer compositions and I" values. Aperiodic or “stacked” Mg/SiC multilayer designs using
the concepts discussed in this manuscript are also possible, to customize the reflectance peaks
of these multilayers to exactly coincide with specific EUV plasma emission lines.

The corrosion resistance and lifetime properties of all samples are currently being
monitored and will be discussed in a future publication. Of particular interest is the question
of the minimum wt. % of Al required for long-term Mg/SiC corrosion resistance, which may
depend on the deposition and storage conditions (e.g: humidity) of the multilayer samples.
The proposed Mg/SiC corrosion-resistant coatings are highly relevant to EUV applications
where long lifetime stability is needed, such as space-borne solar physics missions. Such
missions may additionally benefit from the decreased payload mass and ease in multilayer
fabrication resulting from the triple-wavelength multilayer reflective performance.
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